Nucleotide sequences coding for the N-and C-terrninus of the A subunit and the N-terminus of the B subunit of cholera toxin were determined. These results show that the genes for the A and B subunits overlap out of phase by one nucleotide and that each subunit is synthesised as a precursor molecule which is subsequently processed after translation. It is proposed that the synthesis of each subunit is regulated at the translational level. Considerable homology with the heat labile toxin genes of enteropathogenic E.coli was noted.
INTRODUCTION
The pathogenicity of Vibrio cholerae is due largely to the secretion of a toxic protein molecule. Cholera toxin (CT) is composed of a single A subunit (molecular weight 28,000) and five B subunits (each with a molecular weight of I 1,600) that are non-covalently associated into a complex ring-like structure (1, 2) . The B subunits bind CT to the ganglioside G^ present on the surface of target cells in the intestinal epithelium (3) . This enables the A subunit to penetrate these cells and to activate the cellular adenylate cyclase by ribosylating one of the regulatory subunits of the host enzyme (4,5). Post transiational cleavage of the A subunit produces two polypeptide chains with molecular weights of 24,500 (a chain) and 5,400 (y chain) daltons (6, 7) . The y chain is thought to contain the site(s) for attaching the A subunit to the B subunits (8) whereas the a chain contains the enzymic function (7) . The cloning and subsequent expression in E.coli of the toxin genes from Vibrio cholerae EI Tor strain 1621 and strain 569B has been reported (9, 10) . This work demonstrated that the genes for both subunits are linked on the bacterial chromosome.
Cholera toxin is closely related to the heat labile toxin (LT) produced by enterotoxigenic E.coli strains. LT and CT have similar modes of action (II), subunit structures (12, 13) , antigenic determinants and show extensive homology of amino acid sequence (14, 15) . The operon encoding LT is transcribed as a polycistronic mRNA with the nucleotide sequences for the A subunit being followed by those for the B subunit (16, 17) . More recently, it has been shown that the coding sequences for the LT A and B subunits overlap (18) . A fundamental difference between the CT and LT genes is that those for CT are chromosomally encoded whereas those for LT are present on a plasmid. In this communication we describe the nucieotide sequence analysis of regions of the CT genes that control the transcription and subsequent translation of this operon. An extensive homology with corresponding regions of the LT genes was noted.
MATERIALS AND METHODS

Enzymes and Biochemicals
All restriction enzymes, polynucleotide ligase, E.coli DNA polymerase and dideoxynucleotides were purchased from the Bethesda Research Laboratories (Science Park, Cambridge). Enzyme digestions were done in the buffers and under the conditions recommended by the manufacturer. Ml 3 primer fragments for dideoxy chain termination procedures were obtained from Collaborative Research Inc. Massachusetts.
a-£ Pj -dATP (<H0 Ci/mmol) was purchased from Amersham International. Recombinant DNA and Nucieotide Sequence Determination
The construction of pCT332 which contains functional CT gene sequences was described previously (9) . This plasmid was grown in E.coli HBIOI and subsequently purified by isopycnic banding in caesium chloride gradients. Restriction endonuclease cleavage sites within pCT332 were mapped by analysis of the respective single and double digestion products. The inserted CT gene sequences were excised from pCT332 by digestion with PstI plus EcoRI and the corresponding fragment purified after electrophoresis in I % agarose gels. DNA fragments produced by subsequent digestion with either TaqI, Hpall, or Haelll were cloned in MI 3 mp8 or mp9 phage. Appropriate recombinant phage were identified by hybridisation to the Xbal plus Bg. 111 fragment of pCT332 known to contain most of the CT gene (9). The inserted DNA was then sequenced by the dideoxy chain termination procedure (19) followed by computer assisted data manipulation (20) .
RESULTS AND DISUCSSION
A map of pCT332 with the approximate location of the CT operon is shown in Fig. I . Studies on the synthesis of CT in E.coli showed that this protein was expressed from a promoter adjacent and to the left of the single Xbal cleavage site; expression was from left to right (Gennaro, Greenaway, & Broadbent, unpublished observations; 10). DNA fragments from the CT gene were sequenced and the appropriate reading frames identified by comparing the known amino acid sequences of the A (21, 22, 23) and B (2H) subunits with those predicted from this data. subsequently processed by cleavage of the Ala-Asn peptide bond adjacent to the Nterminus of the mature form. The signal peptide thus obtained contains 18 amino acids which are highly hydrophobic in nature. There were two differences between the sequence of the N-terminal 23 amino acids deduced from the data presented here and those published (21, 22) . The serine nineteen residues from the N-terminus agreed with the data of Lai et al (22) whereas Klapper et al (21) detected an arginine at this position. In addition, Lai et al (22) detected leucine twenty one residues from the Nterminus whereas this data indicates that glycine is present. A potential ShineDalgarno site for ribosome binding (GGAG) was observed six nucleotides up-stream of the initiation codon for the CT A gene product. Finally, an Xbal cleavage site occurs at nucleotide 215. Xbal cleavage of the CT operon destroys the enzymic activity associated with the A subunit.
The nucleotide sequence coding for the C-terminus of the i chain of the A subunit and the N-terminus of the B subunit is shown in Fig. 3 . There were two differences between the deduced and known amino acid sequence for the y chain of the A subunit of CT. The aspartic acid and isoleucine located eleven and twelve amino acids from the C-terminus were inverted with respect to the sequence published by Duffy et al (23) . These authors also detected an asparagine residue three amino acids from the C-terminus whereas we show that aspartic acid is present. The N-terminus of the mature B subunit was located 60 nucleotides from the termination codon for the A subunit (Fig. 3) . The sequence of the following 15 amino acids deduced from the data presented here was in complete agreement with that published (24) . The most likely initiation codon for the B subunit coding sequences is located at position I4t. The A and B subunit genes therefore share four nucleotides (IW-IW) which are used in different reading frames (TGA for A subunit termination and ATG for B subunit initiation). In consequence, there is no intercistronic region between the two genes of the CT operon. This data also indicates that the B subunit of CT is synthesised as a precursor polypeptide which is subsequently processed by cleavage of the Gly-Thr peptide bond adjacent to the Nterminus of the mature form. The signal peptide contains 21 highly hydrophobic amino acids. A potential Shine-Dalgarno site for ribosome binding (TAAGGA) occurs six nucleotides up-stream of the proposed initiation codon for the B subunit coding sequences.
Nucleotide sequences upstream of the Shine-Daigarno site for A subunit synthesis were examined for the presence of transcriptional control signals. Possible RNA polymerase binding sites with their putative initially transcribed bases are shown in Fig. 2 . It is of interest to note that this region of the CT operon is rich in adenine and thymine and contains a number of direct and also inverted repeat sequences. These sequences may produce local secondary structure and may therefore be involved in the transcriptional control of the CT operon. Similar sequences were not detected upstream of the B subunit coding sequences suggesting that CT, like LT, is synthesised from a polycistronic mRNA molecule. A detailed analysis of CT mRNA production in V. cholerae is necessary to confirm these possibilities.
As CT is composed of one A subunit and five B subunits it is possible that the corresponding genes are translated with varying efficiencies. The sequences of the potential ribosome binding sites for the A and B genes are shown in Fig. <t for comparison. The 3'-terminal sequence of E.coli I6S rRNA is aligned in this figure to show maximum homology to the Shine-Dalgarno sites. This homology involves a hexanucleotide sequence in CT B but only a tetranucleotide sequence in CT A and hence ribosome binding for the independent initiation of B subunit synthesis may be more efficient than that for A subunit synthesis. B subunit synthesis may also occur by reinitiation following translational termination of the A subunit. These observations support the hypothesis that synthesis of the CT A and B subunits, to produce the 1:5 ratio observed in the holotoxin, is regulated at the translational level.
The nucleotide sequences of corresponding regions of E. coli LT and V. cholerae CT genes are both very similar in structure (25,26 for comparison). For example, both operons lack intercistronic regions and the A and B subunit cistrons overlap out of phase by one nucleotide. In addition, the A and B subunits of both toxins are synthesised as precursor molecules and the signal peptides produced on maturation are all highly hydrophobic in nature. It is probable that these signal peptides facilitate the transport of each subunit into the periplasmic space or to the outer membrane of the host cell. These similarities reflect the considerable sequence homology observed between these genes. Coding sequences for the signal peptides and the mature A subunits are highly conserved (70-7 5% homology) whereas those for the B subunits show greater divergence (58% homology). It is tempting to speculate that sequences coding for functionally important regions of CT and LT are highly conserved but further information on the molecular biology of these molecules is required to clarify this possibility.
